Chromatin structure and transcription factor activity collaborate to set the transcription level of a gene. Our understanding of the relative contributions of each of these factors at a specific gene is limited. We studied the effects of an altered chromatin environment on the activity of the estrogen-responsive pS2 promoter. We created stable cell lines with the pS2 promoter situated in an alternative chromatin site in addition to it being in its native site. Both promoters were estrogen-responsive for estrogen receptor alpha (ERα) recruitment, but transcription was inducible only at the native site. At the recombinant site, transcription was high and constitutive. Higher histone H3 and H4 acetylation (acH3 and acH4), as well as trimethylated lysine 4 on histone H3 levels, was observed at the recombinant site compared to the native site in vehicle treated cells. Inhibition of histone deacetylases (HDACs) resulted in increased acH4, but only modest increases in acH3, ERα binding and basal transcription at the native pS2 site.
Introduction
Chromatin structure has been implicated as one modulator of gene expression status. For instance, the presence of nucleosomes has been linked to transcriptional repression [1] [2] [3] [4] . Histone modifications are linked to the transcriptional activation or repression status of a gene, as well as marking chromosomal regions that constitute heterochromatin or euchromatin. Di-and tri-methylation of lysine 9 on histone H3 (H3K9me2 and H3K9me3) are usually associated with repressed genes or heterochromatin [5] . Histone hyperacetylation is usually linked to transcriptionally active genes and euchromatin [6] [7] [8] ; while hypoacetylation is linked to less active genes and heterochromatin. Di-methylation of lysine 4 on histone H3 (H3K4me2) is associated with both active and inactive genes in euchromatin, but not heterochromatin [9] . On the other hand, tri-methylation of lysine 4 on histone H3 (H3K4me3) is associated with active genes [9, 10] . There are other histone modifications that can also influence gene expression, such as phosphorylation, ubiquitination and sumoylation [11, 12] . There are two types of mechanisms by which modification of histones are thought to regulate gene expression [13] [14] [15] [16] . One is by directly altering the chromatin structure thus affecting the accessibility of transcription factors to their DNA binding sites. The second is by creating a new surface for the specific binding of proteins that regulate chromatin structure and transcription. These mechanisms are not necessarily mutually exclusive. Nucleosome assembly and histone modifications can act in concert with other factors such as transcription factor binding and DNA sequence to regulate gene E X P E R I M E N T A L C E L L R E S E A R C H 3 1 4 ( 2 0 0 8 ) 2 7 9 6 -2 8 1 0 expression. The association of transcriptional dysregulation with cancer underscores the importance of gene expression regulation. Epigenetic changes in the cell have been linked to a variety of malignancies [17] [18] [19] [20] . For example, multiple cancers have been associated with alterations in histone deacetylase or histone acetyl transferase activity [19, 21] . Histone lysine methyl transferases are found to be dysregulated or overexpressed in hematopoietic malignancies and in breast cancer [19] . Another example is seen in the fact that EzH2, a methyltransferase for lysine27 on histone H3, which is involved in gene silencing, is known to be overexpressed in prostate cancer cells and in breast cancer [18, 22] . The presence and activation state of transcription factors are important in modulating the process of carcinogenesis. Many breast cancers contain estrogen receptors, which link hormonal treatment and gene expression regulation [23, 24] . The pS2 gene, which is the target of our study, is expressed in ERα positive breast cancer and is involved in tumor cell migration [25] [26] [27] [28] . Expression of this gene has been investigated as a marker for breast cancer and is closely associated with ERα positive tumors [29] .
Chromatin structure and transcription factor activity collaborate to set the transcription level of a gene. It is clear that chromatin structure dominates this collaboration in the extreme case of heterochromatin. In that case, the transcription factor binding sites in the DNA are inaccessible and transcription is not induced despite the presence of an appropriate transcription factor environment. Outside heterochromatin, chromatin can be more or less permissive for transcription and this correlates with levels of acH3 and H3K4me3 as shown in studies where viral promoter driven reporter constructs were inserted into different genomic sites [30] . In the case of inducible promoters in euchromatin sites, the transcription factors appear to dominate the chromatin structure. There are a number of examples of transcription factor binding to an inducible promoter recruiting chromatin modifying enzymes to the site resulting in increased levels of permissive histone modifications and increased transcription [31] [32] [33] . This has become a model for the mechanism of transcriptional induction by steroid receptors. However, there are few mammalian systems where the effect of chromatin context on the function of a transcription factor within the same DNA sequence can be directly examined within the same cell.
This study focused on determining the relative importance of chromatin context and transcription factor (the estrogen receptor alpha (ERα) ) binding in regulating the estrogen inducible pS2 gene. The pS2 promoter has an imperfect estrogen-responsive element (ERE) located at 405 bp upstream of the transcriptional start site. ERα is recruited to the ERE following estradiol (E 2 ) treatment which leads to induction of the pS2 gene [24] . We generated estrogen-responsive stable cell lines that had the pS2 promoter situated both in its native chromatin site and in a second, recombinant, highly active chromatin site in the same cell. We observed that highly active chromatin structure could act as the direct opposite of heterochromatin. We see that the transcriptional activity of an inducible promoter in the highly active chromatin site was not simply permissive, but was independent of the ERα transcription factor required at the native site. We observed that even though ERα bound to the promoter at both sites in an estrogen-dependent manner, the expression level of the pS2 gene in its native site was inducible with E 2 , whereas, it was highly constitutively active at the recombinant site. Chromatin immunoprecipitation (ChIP) analysis revealed substantially elevated levels of activating histone modifications on the promoter at the recombinant site compared to levels at the native site. Histone modification levels did not change following E 2 induced ERα binding on the promoter at either site. We conclude that high levels of activating histone modifications override the function of the ERα transcription factor in regulating pS2 gene expression. This has important implications for breast cancer pathology in which the estrogen dependence of gene expression and proliferation is often lost. Accumulation of activating histone modifications in the genome, which dominate the transcription factor requirement for some genes, could contribute to pathways leading to the development of hormone-independent breast tumors.
Materials and methods

Cell culture
The Flp-In™-293 parental cell line (Flp-In 293 or FlpIn 293) was purchased from Invitrogen Corp. (Carlsbad, CA). Cells were regularly maintained in phenol red-free Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 4 mM glutamine, and antibiotic-antimycotic liquid (Gibco or Cellgro) comprising 100 U/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml amphotericin B. Other antibiotics were specific to the stable cell line under selection. Prior to performing hormone treatments, cells were maintained for 4 days (unless otherwise stated in the figure legends) in a steroid-free media containing phenol red-free DMEM supplemented with 5% dextran coated charcoal-stripped FBS, 4 mM glutamine, 1 mM pyruvate, 0.1 mM non-essential amino acids and antibiotic-antimycotic. In the steroidfree media, treatments included: 10 nM E 2 , 20 nM ICI 182780 (ICI), 200 nM Trichostatin A (TSA), or up to 0.1% (vol/vol) ethanol (EtOH) as a vehicle control, in various combinations. Stock solutions of E 2 , ICI and TSA were all in 100% EtOH. Final concentration of EtOH in cell culture was a maximum of 0.1% (vol/vol).
Constructing the pS2-SacII/FF and the Trn-pS2-sacII/FF reporters The pcDNA5/FRT vector (Invitrogen) was modified to create the pS2-SacII/FF reporter as follows. The CMV promoter was eliminated by digesting with NheI and MluI, and blunt end ligation was performed to create pcDNA5/FRT/noCMV. A firefly (FF) luciferase coding sequence, two polyadenylation (pA) signals 5′ upstream of the luciferase and a multiple cloning site in between the luciferase sequence and the polyadenylation signal, were amplified by PCR from the plasmid pXP2 (ATCC) using platinum taq HiFi polymerase (Invitrogen). The product was subcloned into a pCR2.1 TA cloning vector (Invitrogen), transformed into INVαF' cells (Invitrogen) and sequenced. The PCR product was recovered by digestion with ApaI and NheI, and then ligated into the pcDNA5/FRT/noCMV plasmid to obtain a pcDNA5/FRT/noCMV/2pA/FF construct. The pS2 promoter sequence was amplified by nested PCR of genomic DNA from MCF-7 cells to generate a 1.6 kb product spanning −1587/+38 of the gene. The final PCR product was verified by sequencing. One mutation was detected and two additional mutations were introduced into the promoter to create a SacII site. However, none of these was in a region known to affect E 2 dependent pS2 gene expression. The recombinant PCR product was recovered by digestion with HindIII and XhoI and then ligated into the pcDNA5/ FRT/noCMV/2pA/FF construct to create the pS2-SacII/FF reporter. Generation of the Trn-pS2-sacII/FF reporter was similar to that of the pS2-SacII/FF reporter except in this case, the pS2 promoter was amplified using the pCR2.1 TA plasmid containing the 1.6 kb pS2 promoter to give an ∼0.6 kb product from the region spanning − 560/+38 of the pS2 gene. Plasmid preps were done using FastPlasmid mini kits (Eppendorf), and QIAfilter midi and maxi kits (Qiagen).
Generating stable ER27 and 27-9 cell lines
The pCLBabepuro/ERα plasmid, which encodes the human ERα gene regulated by an SV40 early promoter, as well as a puromycin resistance gene, was a gift from Dr. Elaine Alarid (University of Wisconsin). ER27 cells were generated by transfection of this construct into FlpIn 293 cells using lipofectamine 2000 (Invitrogen) and selection under puromycin and Zeocin (to ensure clones had both ERα and the FRT sequence stably integrated into the genome). Clones were also screened based on their LacZ expression status (to further confirm that the FRT was stably integrated into the genome), ERα expression status, and ability to induce E 2 dependent pS2 expression from the endogenous gene at its native chromatin site. A total of 27 clones underwent some or all of the above mentioned screening process. The clone chosen as a host cell line to generate the 27-9 cell line was named the ER27 cell line. In addition to the ER27, four other clones namely, ER1, ER2, ER13 and ER26 were also used as host cell lines to generate other expression cell lines. 27-9 cells and other expression cell lines were generated by co-transfection of the flp recombinase expression vector, pOG44 (Invitrogen) together with the pS2 SacII/FF construct in a ratio of ∼12.7: 1 using the calcium phosphate transfection method. Sitespecific integration of the recombinant pS2 promoter regulating the firefly luciferase reporter into the FRT site of ER27 cells was promoted by expression of the flp recombinase. Correct sitespecific integration into the FRT site places the hygromycin resistance gene downstream of a SV40 promoter and loss of lacZ expression. Thus, cells were selected with 50 μg/ml hygromycin. To further ensure that the pS2-SacII/FF plasmid had correctly integrated into the FRT site, a b-galactosidase assay was performed on hygromycin resistant clones to select for clones that had lost lacZ expression. A conventional PCR reaction using one primer complimentary to the integrating plasmid and the other to sequences at the FRT integration site was performed on select clones. Primers used were: F 5′ CGGATTACCAGGGA TTTCAG 3′; R 5′ GGATGGTTCGGATAATGC 3′. Candidate clones were also placed under puromycin selection to ensure maintenance of ERα expression. A total of about 29 clones were screened using some or all the above mentioned criteria. The selected cell line was named 27-9 and met all the criteria for integration into the FRT site as well as high ERα expression. The pS2 promoter in the FRT recombinant site was referred to as pS2-luc to distinguish it from the endogenous pS2 gene at its native chromatin site.
Generating truncated pS2 cell lines and null-ERα cell lines
Generation of truncated pS2 cell lines was similar to that of the 27-9 cells. For these lines though, the Trn-pS2-sacII/FF reporter was used in place of the pS2-sacII/FF. The host cell lines used were ER27 and ER1. A total of 31 clones from the ER27 host cell line and two clones from the ER1 host cell line underwent some of the screening processes used for the 27-9 cells. Nine of the clones underwent more extensive screening and all met the criteria for integration into FRT site and ERα expression. Two out of the nine clones named Trn-21 and Trn-32 (both from the ER27 host cell line) were used for this study. Generation of Null-ERα cell lines was also similar to that of the 27-9 cells. The pS2-SacII/FF reporter, used in generating the 27-9 cells was used for the Null-ERα cell line generation. However, the host cell line used in this case was the ERα negative FlpIn 293 cells. Eighteen clones were screened and the two clones used in this study, met the criteria for integration in the FRT site.
Immunoblotting
Using standard procedures, samples from whole cell extracts were subjected to Western blot analysis. Primary antibodies were HC-20 against ERα (sc-543, Santa Cruz Biotechnology) at a 1:1000 fold dilution and C-11 against actin (sc-1615, Santa Cruz Biotechnology) at a 1:1000 fold dilution. Horseradish peroxidase-linked secondary antibodies (Amersham) were donkey anti-rabbit IgG and donkey anti-goat IgG at a 1:5000 fold dilution. Detection was by enhanced chemiluminescence (Amersham Biosciences).
RNA preparation
Total RNA was harvested from cells using the RNeasy mini kit and the QIAshreddar (Qiagen) according to manufacturer's protocol.
Quantitative RT-PCR and conventional RT-PCR
cDNA synthesis from RNA samples and quantitative PCR (qPCR) analysis of gene expression was as previously described [34] with a few modifications. Human ribosomal protein L19 gene was used as the internal control. Relative gene expression was determined using the 2 − ΔΔCt method [35] . The following primers were used: L19: F:
5′ AGTATGCTCA GGCTT 3′, R: 5′ GGCGATTTCATTGGTCTC 3′; pS2: F: 5′CCCAGCACGGTGATTAGTC 3′,R5′ GTCAAAGTCAGAGCAGTCAATC 3′; firefly luciferase: F:5′ GCAGCCTACCGTAGTGTTTG 3′, R: 5′ CGAC-TGAAATCCCTGGTAATCC 3′; lacZ-Zeocin: F: 5′ CGATTACCGTTGAT-GTTGAAGTG 3′, R: 5′ AGTTTACCCGCTCTGCTACC 3′. The following primers were used for conventional RT-PCR to span the pS2-luc gene and the lacZ-Zeocin gene: F:5′ GCAGCCTACCGTAGTGTTTG 3′, R: 5′ AGTTTACCCGCTCTGCTACC3′.
Chromatin immunoprecipitation (ChIP) analysis
A protocol originally adapted from Weinmann and Farnham [36] and Metivier et al. [24] , was used for ChIP analysis with a few modifications. Briefly, cells were crosslinked with 1% formaldehyde for 10 min and quenched with 0.125 M glycine. Cells were lysed in cell lysis buffer (85 mM KCl, 0.5% NP40, 5 mM Pipes, 15 mM sodium butyrate). Then nuclei were lysed in nuclear lysis buffer (50 mM Primers used for qPCR analysis around the ERE region on recovered DNA were: pS2: F: 5′ GCCATCTCTCACTATGAATCAC 3′, R: 5′ CGCAGATCACCTTGTTCTC 3′; pS2-luc: F: 5′ GCCATCTCTxCACTATG-AATC AC 3′, R: 5′ CGGAATGCCAAGCTCAGATC 3′. Primers for pS2 spanned −354/+70 of the native gene and primers for pS2-luc spanned −354/+62 of the recombinant gene. Specificity of the two sets of primers was verified by PCR using genomic DNA from a pS2-luc positive cell line (27-9) and a pS2-luc negative cell line (ER27).
Primers used for qPCR analysis of the 3′ distal region were: pS2: F: 5′ GGTTTG GTTTCCTGTGGCATTTC 3′, R: 5′ CCTTGGTGAGAG-CGGTTGTTC 3′; pS2luc: F: 5′ GGCG ATTA CCGTTGATGTTGAAG 3′, R: 5′ CCCTAATCCGAGCCAGTTTACC 3′.
ChART PCR assay
ChART (chromatin accessibility by real time) PCR was performed [37, 38] NaCl, 600 μg/ml proteinase K, 1% sodium dodecyl sulfate), and incubated at 37°C for at least 3 h. DNA was purified using the QIAquick PCR purification kit (Qiagen). 3.8% of the recovered DNA was resolved on a 1% agarose gel stained with Vistra green (Amersham), and visualized under UV light. 1.5% of the recovered DNA was used for qPCR analysis. Primers were the same as for ChIP analysis and displayed similar efficiencies. Percent residual DNA for a specific chromatin region (pS2-luc ERE or pS2 ERE) in a single experiment was determined using the following formula: 2 − ΔCt × 100 where ΔCt = Average Ct digested DNA − Average Ct 2 U/ml digested DNA . We found that the qPCR amplification efficiency of control, undigested genomic DNA was much lower than that of slightly digested DNA recovered from nuclease treated nuclei. We therefore defined results from the 2 U/ml digested DNA as 100% residual DNA. Note that an equal number of nuclei were initially used for the digestion and equal percentages of the total purified DNA were subjected to amplification.
Results
Generation of a stable cell line that expresses ERα and has a recombinant pS2 promoter regulating a luciferase reporter construct integrated into a unique FRT site in chromatin
In order to directly compare the structure and activity of pS2 promoters in different chromatin sites, we wanted a cell line that had both the native pS2 gene and a second pS2 promoter stably integrated into the genome. The Flp-In™ system for generating a stable cell line has the advantage of allowing recombination of plasmid DNA (with the aid of flp recombinase) into a single, specific chromatin site as opposed to random and potentially multiple integrations [40] . Other advantages in using this methodology include; a site-specific integration will enable controls to be performed examining other parameters such as promoter length, while keeping the chromatin site constant. Also, integrating a recombinant pS2 in the genome as opposed to transient transfections is more advantageous since in transient transfection, the construct will be poorly chromatinized [40] . [41] . The ability of E 2 to induce pS2 expression was not unique to ER27 cells alone but was also seen in other clones (Fig.  1C ). These data demonstrate that stable ERα integration and expression was sufficient and necessary to confer appropriate, estrogen-dependent transcriptional regulation on the native endogenous pS2 gene in these cells. These data are consistent with previously published reports utilizing ERα expressing 293 cells as an estrogen-responsive cell model [42, 43] . Of the clones that passed screening above, five (namely, ER1, ER2, ER13, ER26 and ER27) were chosen as host cell lines for further work. The pS2 promoter from − 1587 to +38, which contains the ERE at −405 bp, was inserted upstream of a firefly luciferase gene in a vector that also contained an FRT site to generate the pS2-SacII/FF construct as diagrammed in Figs. 2A and B. This construct was integrated into the FRT site of all five host cell lines by co-transfection with the flp recombinase expression vector (pOG44) to generate 29 total expression cell lines (Fig. 2B) . Of the 29 cell lines, 11 were established from the ER1 host cell line, two from ER2, three from ER13, eight from ER26 and five from ER27. All clones were screened for site-specific integration using the b- galactosidase assay (data not shown). Seven clones underwent further characterization and the clone named the 27-9 cell line, derived from the ER27 host was chosen for further work. Sitespecific integration was verified by PCR on genomic DNA to amplify a region spanning a portion of the pS2-SacII/FF construct and a portion of the ER27 genome near the FRT site. Fig. 2C shows recovery of the correctly sized PCR product only from the 27-9 cell line and not from either the FlpIn 293 or the ER27 parental cell lines. The pS2 promoter at the recombinant FRT site will be referred to as pS2-luc to distinguish it from the endogenous pS2 promoter in its native chromatin site. Real time PCR of genomic DNA comparing the pS2-luc to the pS2 gave ratios that fall within the range of a single integration (data not shown). The 27-9 cell line was shown to maintain expression of the ERα protein (Fig. 2D ).
ERα recruitment was E 2 dependent on both pS2-luc and pS2 promoters
The pS2 promoter has an imperfect estrogen response element that recruits ERα in MCF7 cells following E 2 induction [24, [44] [45] [46] . We used the chromatin immunoprecipitation (ChIP) assay to determine if ERα bound to both pS2 promoters in our 27-9 cell line and if binding was hormone dependent and specific to the ERE region. Results in Fig. 3 show that for EtOH treated cells, ERα detection was similar to IgG controls on both promoters. This implied that in the absence of E 2 treatment, there was no recruitment of ERα to either promoter. However, following 2 h of E 2 treatment, ERα was recruited to both promoters in the ERE region with the pS2-luc promoter showing higher ERα binding signal (5.4 fold over EtOH control) compared to the native pS2 promoter (2.9 fold over EtOH control). Results of E 2 treatment for 4 h showed a similar pattern (data not shown). E 2 treatment did not result in ERα binding to the pS2 nor pS2-luc at 3′ distal regions situated 5-6 kb downstream of their respective transcriptional start sites. Hence we concluded that ERα was capable of specific binding to both pS2 and pS2-luc promoters around the ERE region in a hormone dependent manner.
Expression from the pS2 gene was E 2 inducible whereas pS2-luc was constitutively active
As discussed above, the pS2 gene is estrogen inducible in MCF-7 cells. We assayed for transcription of the pS2 as well as the pS2-luc genes in the 27-9 cells and for E 2 inducibility of transcription at both sites by RT-qPCR. The pS2 gene showed low basal expression levels in the EtOH control treated cells and also in the presence of ICI at both 2 and 24 h of treatment (Fig. 4A) (Fig.  4B) . Unexpectedly, we observed extremely high basal gene expression levels for pS2-luc even after 24 h of ICI treatment (Fig. 4B) . Basal levels of pS2-luc RNA were at least 2000 fold higher than basal levels of pS2 RNA (compare y-axes from Figs. 4A and B) . This high basal level of the pS2-luc RNA was not unique to the 27-9
Fig cells alone. Six other pS2-luc expression clones were tested, 1 derived from ER27, 3 from ER13, and 2 from ER1. All showed high, estrogen-independent expression of the pS2-luc RNA (data not shown). The 27-9 clone was the one chosen for full characterization and further work. So, whereas the pS2 in its native site showed E 2 dependent transcription, the pS2-luc showed no hormone dependence, but was highly constitutively active.
Pol II binding levels higher at the pS2-luc promoter compared to the pS2 promoter in the ERE region
We examined Pol II binding levels at the two promoters in the ERE region to determine if binding levels correlated with the transcriptional activity observed at both sites. We found basal Pol II levels to be about 36 fold higher at the pS2-luc promoter compared to the pS2 promoter (Fig. 5) . Levels at the pS2-luc promoter remained the same following 2 h of E 2 treatment and was about 20 fold higher than the pS2 promoter of E 2 treated cells (Fig. 5) . We also looked at other transcription factors such as Sp1, Cjun and C-Fos, all of which have been implicated in playing various roles in regulating pS2 gene expression. There was no difference seen in levels at the pS2 and pS2-luc promoters (data not shown). Thus, we conclude the Pol II binding levels correlated with transcriptional data observed in Fig. 4 .
Promoter length and presence of ERα played a minor role in high pS2-luc basal transcriptional levels observed A study by Nunez et al. [47] had shown the possibility of higher constitutive activity observed with larger chunks of the pS2 promoter. In order to test the role length of the recombinant pS2 promoter played in contributing to the high basal pS2-luc transcription, we truncated the recombinant pS2 promoter by about 1 kb and integrated it into the FRT site of ER27 cells to produce several clones of which Trn-21 and Trn-32 were selected for further study. We examined transcriptional activity of the pS2-luc at the recombinant site of these two clones and compared them to that of the 27-9 cells (Fig. 6A) . The pS2-luc basal transcriptional levels of both Trn-21 and Trn-32 cell lines were comparable to that of 27-9 cell line. Though pS2-luc expression in the Trn-32 cell line approached two fold less than that of the 27-9 cell line, it was still very high when compared to the 2000 fold increased expression of pS2-luc compared to native pS2 in 27-9 cells (Fig. 4) . As in the 27-9 cells, in both the Trn-21 and Trn-32 clones, 24 h E 2 treatment did not result in substantial pS2-luc induction (Fig. 6A) . Fig. 6 -High pS2-luc basal transcriptional levels are neither promoter length dependent nor ERα dependent. (A) Trn-21 and Trn-32 cell lines were made by inserting a 0.6 kb pS2 promoter construct into the FRT site of ER27 cells. The two clones together with 27-9 cells (which had a 1.6 kb pS2 promoter construct) were then treated for 24 h with 0.1% EtOH vehicle, E 2 or ICI. RT-qPCR for the luciferase mRNA was performed on total RNA for all three cell lines. Results were normalized to ribosomal protein L19 and expressed as fold changes relative to the level in EtOH treated 27-9 cells. The data represent the mean ± standard errors for three independent experiments. (B) Null-ER-99 and Null-ER-91 cell lines which both expressed no ERα but had the 1.6 kb pS2 promoter construct inserted in the FRT site were fed, together with the 27-9 cells with hormone free media for 6 days. RT-qPCR for the luciferase mRNA was performed on total RNA for all three cell lines. Results were normalized to ribosomal protein L19 and expressed as fold changes relative to the levels 27-9 cells. The data represent the mean ± standard errors for three independent experiments for Null-ER-99 cells, and four independent experiments for Null-ER-91 and 27-9 cells. Fig. 5 -Differences in Pol II recruitment levels are observed on the pS2 promoter at the recombinant site compared to the native site. ChIP analysis with antibody against Pol II or an IgG negative control was performed on cells treated for 2 h with E 2 or 0.1% EtOH vehicle. Analysis by qPCR was performed using primers that amplified around the ERE region. Data represent the mean ± standard error for three independent experiments.
Although the recombinant pS2-luc gene was not estrogendependent for transcription, the possibility existed that the presence of ERα in these cells was important for setting a chromatin structure that was highly active. Despite the absence of added E2, it is possible that ERα was stimulated by other signaling pathways [48] . In order to test the effect of long term ERα activity in remodeling the recombinant site and causing high basal transcription, we generated stable cell lines with the pS2-luc in the same recombinant site using the ERα negative FlpIn 293 cells as the host cell line. We chose two of the clones, Null-ER-99 and Null-ER-91 for further work. Transcriptional activity of pS2-luc in Null-ER-99 was not much different from that of 27-9 (Fig. 6B) . That of Null-ER-99 was about 3 fold less than the 27-9 cells (Fig. 6B) . Here too, this difference is still very little compared to the fold difference between basal pS2-luc and native pS2 expression in 27-9 cells (i.e., at least 2000 fold difference). The above results demonstrate a minor role played by ERα expression as well as pS2 promoter length in the high pS2-luc basal transcriptional levels.
Chromatin accessibility at the pS2 promoter and the pS2-luc promoter, as assayed by micrococcal nuclease (Mnase) sensitivity, was similar
Overall chromatin structure can act as a predictor of gene expression status and reflects multiple elements including nucleosome positioning, patterns of histone modifications, the distribution of transcription factors, and even tertiary structure.
The differences in transcriptional activity observed between pS2 and pS2-luc made us predict that there would be differences in the chromatin structures of the two promoters near the ERE. We tested this possibility by examining how sensitive the DNA in the two promoters was to Mnase digestion, the idea being that the pS2-luc will be more sensitive to Mnase digestion. We used a ChART PCR (chromatin accessibility by real time PCR) assay for this study [37, 38] . This assay is capable of distinguishing between chromatin regions with differential Mnase and other nuclease accessibility [37, 38] . Mnase digestion of chromatin packaged DNA in the 27-9 cell nuclei yielded DNA ladders with about 150 bp space between each band (Figs. 7A and B) . Increasing Mnase concentrations led to the gradual disappearance of the larger sized DNA fragments (Figs. 7A and B) . PCR primers were designed that distinguished the two promoters and encompassed the transcriptional start site close to the ERE for a region of ∼424 bp for pS2 and ∼416 bp for pS2-luc. Real time PCR analysis showed that the relative degree of DNA degradation was the same for the pS2 and pS2-luc promoters in both EtOH vehicle and E 2 treated cells (Figs. 7C and D) . This suggested a similar Mnase accessibility at both sites despite very different gene expression levels. This result demonstrated that both promoters were in an accessible chromatin structure without any major differences in nucleosome positioning, packaging, or tertiary structure. However, these results did not rule out the possibility that the levels of active histone modifications might differ. Differences in histone modifications in the ERE regions of the pS2 and pS2-luc promoters correlated with the gene expression levels
Since we detected dramatic differences in transcription from pS2 and pS2-luc, we hypothesized that one possible reason could be differences in histone modifications between the two promoters in the ERE region that could account for the differential regulation of gene expression. In order to determine if differences existed at the two chromatin sites, we used ChIP to analyze three histone modifications associated with activation. Acetylated histones H3 and H4 as well as trimethylation of lysine 4 on H3 (H3K4me3) have been implicated in transcriptional activation [11, 49, 50] . Basal levels of acH3 were much higher at the pS2-luc promoter (average of 7 fold higher) than at the pS2 promoter as seen in Fig. 8A . E 2 treatment had little or no effect on acH3 levels at either the pS2 or the pS2-luc promoter. Basal acH4 levels (Fig. 8B) were also higher at the pS2-luc (average of 2.6 fold higher) compared to the native pS2 promoter though the difference was not as great as that seen for acH3. Similar to acH3, E 2 treatment did not increase acH4 levels at either promoter (Fig. 8B) . Similar patterns were observed for both acH3 and acH4, at both 45 min and 4 h of E 2 treatment as that seen for 2 h (data not shown). The greatest difference in the level of a histone modification between the two chromatin sites was observed for H3K4me3. The pS2-luc promoter exhibited a 19 fold higher signal for H3K4me3 compared to that observed at the pS2 promoter (Fig. 8C) . Here too, E 2 treatment had no effect on either promoter (Fig. 8C) . Repressive histone modifications such as trimethylation of lysine 27 on H3 (H3K27me3) (Fig. 8D) , dimethylation of lysine 9 on H3 (H3K9me2) (data not shown) as well as trimethylation of lysine 9 on H3 (H3K9me3) (Fig. 8E) were also studied. Both the pS2-luc and the pS2 promoters exhibited very low levels of these three repressive histone marks comparable to IgG levels and E 2 had no effect on their levels. All the above observations were not due to differences in histone density of the two sites since ChIP analysis of total Histone H3 showed similar results between pS2 and pS2-luc promoters (Fig. 8G) . This is consistent with the Mnase accessibility data, which also showed no difference in accessibility between the two sites (Fig. 7) .
Differences in histone modifications in the 3′ distal regions of the pS2 and pS2-luc promoters correlated with the gene expression levels
In order to determine if the differences in histone modifications were unique to the ERE region, we looked at 3′ distal sites 5-6 kb downstream for both the pS2 region and the pS2-luc region. For the pS2-luc, this region was in the lacZ-Zeocin -gene, which now lacked a promoter, or an ATG for initiation of protein synthesis. Hence the lacZ-Zeocin gene in pS2-luc cells did not produce protein as detailed in Materials and methods. Whereas levels of acH3 were diminished at the 3′ distal region compared to the ERE region in the pS2 site, levels were actually elevated at the 3′ distal region of the pS2-luc site compared to its ERE region (Fig. 8A) . Results similar to that observed for acH3 was seen also for acH4 (Fig. 8B) . H3k4me3 levels for the distal 3′ regions were higher at the pS2-luc compared to the pS2 although levels were similar within the same gene site. H3K27me3 levels (Fig. 8D ) and H3K9me2 levels (data not shown) were comparable to IgG levels. Levels of H3K9me3 were a bit elevated in the 3′ distal region of the pS2 site whereas levels at the pS2-luc site were comparable to IgG levels. We also examined Pol II binding in the distal 3′ regions and found levels elevated in the pS2-luc site compared to the pS2 site (Fig. 8F) . Fig. 8F includes Pol II binding in the ERE region as shown in Fig. 5 as a comparison to binding in the 3′ distal region. Total Fig. 9 -LacZ-Zeocin gene is still highly expressed in 27-9 cells and the mRNA is polycistronic to pS2-luc. (A) 27-9 cells and ER27 cells were all treated with EtOH for 24 h after being in hormone free media for 4 days. Total RNA was isolated and quantitative RT-PCR performed on the pS2-luc, pS2 and lacZ-Zeocin genes for 27-9 cells and lacZ-Zeocin gene for ER27 cells. Results were normalized to L19 that was used as loading control. Results were then expressed as fold change over one of the pS2 expression results of 27-9 cells. Data represent the means ± standard errors of three experiments. (B) RNA was isolated from 24 h EtOH treated ER27 and 27-9 cells and converted to cDNA. Conventional PCR was performed with primers spanning the pS2-luc gene and the lacZ-Zeocin gene. The expected product length of recombinant region in 27-9 cells was polycistronic and was ∼4.6 kb. 27-9 genomic DNA was used as a positive control and ER27 cDNA was used as a negative control.
histone H3 levels were similar between gene sites and regions implying uniform histone density (Fig. 8G) . These results showed that activating histone modifications were not limited to the ERE region alone but spread to a wide region at the pS2-luc site, whereas these modifications were a bit more limited to the ERE region of the pS2 site. Whereas other histone repressive marks, were also undetectable in the 3′ distal region of both gene sites, H3K9me3 was elevated further downstream in the pS2 site but absent in the pS2-luc site (Fig. 8E) .
LacZ-Zeocin gene is highly transcribed despite the absence of a promoter, and is polycistronic to the pS2-luc
As shown in Fig. 8 , the distal 3′ region of pS2-luc, which encodes the promoterless lacZ-Zeocin gene showed elevated levels of activating histone modifications as well as Pol II. This was the case even though it had no promoter regulating it and there was a polyadenylation signal between the closest promoter, the recombinant pS2-luc, and it. In the Flpn system, the parental cell lines, FlpIn 293 and ER27, have the lacZ-Zeocin gene driven by an SV40 promoter. LacZ-Zeocin transcription levels are therefore very high, and comparable to that of the pS2-luc gene in the 27-9 cells (Fig. 9A) . Insertion of the recombinant pS2 constructs displaces the LacZ-Zeocin gene from the SV40 promoter and the ATG codon for initiation of protein synthesis. Fig. 9A shows that, even though LacZ-Zeocin transcription levels are diminished by 16 fold in 27-9 cells compared to ER27 cells, levels are still over 200 fold higher than the native pS2 gene in EtOH treated 27-9 cells (Fig. 9A) . To determine if this lacZ-Zeocin gene expression is polycistronic, we used primers spanning the luciferase gene in the pS2-luc construct and that of the lacZ-Zeocin gene to perform a conventional RT-PCR reaction on EtOH treated 27-9 cells. We observed a product of an expected 4.6 kb size in these cells, which was absent in the negative control ER27 cells (Fig. 9B) . These data demonstrated that at the pS2-luc recombinant site, Pol II achieved processive transcription initiating from the pS2 promoter and continuing through the firefly luciferase gene, the polyadenylation signal, and the lacZ-Zeocin gene to produce the observed polycistronic message.
TSA treatment selectively increased acH4 at the pS2 promoter, but had minimal effect on transcription As shown in Fig. 8 , the pS2-luc promoter had higher levels of acH3 and acH4 than the pS2 promoter did. We hypothesized that these high acetylation levels played a role in the high pS2-luc transcription even in the absence of E 2 . Therefore, we expected that increasing the acH3 and acH4 levels at the pS2 promoter in its native site would also result in higher constitutive transcription levels without E 2 . To test this hypothesis, we examined the effect of histone deacetylase (HDAC) inhibition on the pS2 promoter and gene expression. Trichostatin A (TSA) is an HDAC inhibitor and has been shown to increase global and gene specific acH3 and acH4 [51] [52] [53] . The 27-9 cells were treated with either TSA + EtOH vehicle or TSA + E 2 and the ERE region of both sites were examined. Both treatments resulted in an increase in acH4 levels of the pS2 Fig. 10 -Effect of TSA treatment on histone modifications and ERα recruitment to the native and recombinant pS2 promoters around the ERE region. Cells were treated with TSA or EtOH vehicle for a total of 6 h and E 2 or EtOH vehicle was added to appropriate plates during the last 2 h. The total EtOH (vehicle) concentration in all plates was 0.05% for first 4 h, then 0.1% for final 2 h. ChIP analysis for acetylated histone H4 (A), acetylated histone H3 (B), ERα (C) and total histone H3 (D), with IgG as the negative control, at the native pS2 or recombinant pS2-luc site was performed. All data represent means ± standard errors of three independent experiments. promoter comparable to that of the pS2-luc promoter (Fig. 10A) . TSA did not increase the acH4 at the pS2-luc promoter (Fig. 10A) . AcH3 levels showed a slight increase at the pS2 promoter for both TSA + EtOH and TSA + E 2 treated cells (Fig. 10B) . However, the levels were still much lower than at the pS2-luc promoter. AcH3 levels did not increase at the pS2-luc promoter with TSA treatment (Fig.  10B) , neither was there a statistically significant decrease. ERα binding levels showed no statistically significant increase at the pS2 promoter following the TSA + E 2 treatment compared to the E 2 only treated cells (Fig. 10C) . Total ERα binding was still lower than at the pS2-luc promoter in E 2 treated cells. TSA + E 2 seemed to result in increased ERα binding at the pS2-luc promoter when compared to the E 2 only treated cells. This was, however, not statistically significant due to huge experiment to experiment variation observed (E 2 treatment gave an average percent input value of 0.144 +/− 0.031, whereas TSA + E 2 treatment gave an average percent input value of 0.330 +/− 0.150). For both the pS2 and the pS2-luc promoters, TSA treatment without addition of E 2 (TSA + EtOH) did not show an increase in ERα binding (Fig. 10C) . TSA treatment had little effect on histone density of either promoter (Fig. 10D) .
The effect of TSA on gene expression from the two promoters is shown in Fig. 11 . RNA accumulation from the pS2 gene showed a slight increase following TSA treatment in all cases when compared to their non-TSA treated counterparts (Fig. 11A) . TSA + EtOH showed a 2.5 fold increase above EtOH only. TSA + E 2 showed a 1.5 fold increase above E 2 only (which was not statistically significant), and TSA + ICI showed a 2 fold increase above ICI only. Note that increased basal expression of pS2 with TSA treatment translated to a loss of E 2 regulation despite generally higher overall expression (Fig. 11A) . The TSA treated cells still showed much lower gene expression from pS2 compared to levels observed at the pS2-luc (at least 2000 fold, Fig. 11B ). No effect of TSA treatment on gene expression from the pS2-luc gene was observed (Fig. 11B) .
Discussion
Chromatin context can affect the transcriptional status of a gene [30, [54] [55] [56] . Clearly, heterochromatin is one extreme in which the chromatin structure renders the DNA binding sites for transcription factors inaccessible despite their presence in the cell. Euchromatin can show a varying level of permissiveness for transcription dependent on the level of activating histone modifications. Work with constitutive, viral promoters suggest that the strength of the promoter, which may reflect basal transcription factor binding, can overcome less permissive euchromatin and remain transcriptionally active [30] . The question of the ability of an inducible promoter to be regulated by its appropriate transcription factor in a highly permissive chromatin site is addressed in this study. We examined the relative importance of chromatin structure versus the binding of a transcription factor (ERα) at an inducible promoter on regulation of transcriptional activity in euchromatin. Our results on the E 2 inducibility, transcriptional activity, and chromatin structure of the pS2 promoter in its native site compared to a recombinant site (pS2-luc) showed that chromatin marked by very high levels of activating histone modifications can override the role of transcription factor binding at an inducible promoter. We found that even though ERα was recruited to both promoters in a liganddependent manner, transcription was E 2 inducible only at the native chromatin site and essentially constitutive at the recombinant pS2-luc site. We measured activating as well as repressive histone modifications at the pS2 and pS2-luc promoters. The level of repressive marks (H3K27me3, H3K9me2, H3K9me3) was very low at both sites. Activation marks (acH3, acH4, and H3K4me3) however, were present at both sites, with basal levels of all three marks being substantially elevated at the pS2-luc promoter.
We raised histone acetylation levels by treating cells with TSA in order to assess their role. Our results suggest that levels of acH4 play a minor role at best in the different basal transcriptional activity of the two promoters since elevating acH4 at pS2 to levels similar to the pS2-luc promoter using TSA treatment had a slight effect on transcription. These results are consistent with a study reported by Yan and Boyd [30] . They showed that transgenes have higher transcriptional activity at chromatin sites expressing elevated levels of acH3 and H3K4me3. However, they saw little difference in acH4 levels between highly transcriptionally active and less active sites. However, the slight increases seen in basal transcription following TSA treatment and apparent loss of E 2 's effect on transcription following 2 h of E2 treatment suggests that elevated acH4 may not be totally eliminated as responsible for Fig. 11 -TSA treatment does not substantially alter transcription from either chromatin location. Cells were treated as in Fig. 10 . Transcriptional analysis was performed as described in Fig. 4 for mRNA from the native pS2 (A) and the recombinant pS2-luc genes (B). All data represent means ± standard errors of three independent experiments. these results though elevated acH3 and H3K4me3 might be needed for very obvious effects. In both our system and that of Yan and Boyd's [30] , histone repressive marks were also less important, although, in our system, H3K9me3 was a bit elevated 5-6 kb downstream of the transcriptional start site of the native pS2. In our system, the transcriptional activity was not only higher at the site with elevated levels of acH3 and H3K4me3; it was also independent of the transcription factor that is required at the native site. TSA treatment did not raise the level of acH3 at the native pS2 to the levels measured at the pS2-luc promoter, limiting the conclusions we can draw about this modification. The individual or combined high levels of acH3 and H3K4me3 may play a role in the mechanism for regulating high and constitutive transcription from pS2-luc. E 2 treatment did not induce changes in histone modifications at either the native or recombinant pS2 promoter. This is in contrast to the models that suggest nuclear receptor binding changes the histone acetylation status of a hormone responsive promoter which will, in turn, result in transcriptional induction [45, 46, 57] . Rather in the 27-9 cells, existing levels of histone acetylation and methylation appear to set the amount of ERα that can be recruited to each of the pS2 promoters upon E 2 treatment. Surprisingly, increased capacity for ERα recruitment to the pS2-luc promoter does not lead to ligand-dependent regulation. We did not observe induction by E 2 nor repression by ICI, an ERα antagonist, at the pS2-luc site. We conclude that the chromatin context can override the effect of a bound transcription factor, in this case ERα, on transcriptional regulation. In addition, we observed a robust production of a polycistronic message from the pS2-luc promoter that spanned the luciferase gene and the lacZ-Zeocin fusion gene. This transcript transversed a polyadenylation signal between the two genes that is generally thought to promote RNA synthesis termination. The high level of activating histone modifications seen in the pS2-luc promoter were also observed in the downstream lacZ-Zeocin region. These data indicate a high level of processive transcription that overrides both transcription factor binding and polyadenylation signal elements. It has been shown that histone acetylation can facilitate binding of basal transcription factors such as TBP, TFIID or RNA Pol II to a promoter [58] [59] [60] . The level of Pol II binding at the pS2-luc gene and in the lacZ-Zeocin gene was elevated constitutively, consistent with the high histone acetylation and transcription observed. We speculate that the high levels of activating histone modifications at the pS2-luc promoter may allow increased binding of other, non-ligand regulated or basal transcription factors leading to high, constitutive transcription.
We observed a trend towards increase in ligand-dependent ERα binding to the pS2-luc promoter upon TSA treatment of the cells, despite no increase in histone acetylation at this site. Although the means of the individual experiments all showed an increase in ligand-dependent ERα binding to the pS2-luc promoter with TSA treatment, there were huge differences in the mean values from experiment to experiment, which made a paired comparison t-test performed on these values render the overall observation as statistically insignificant. A number of studies have shown that nuclear receptors undergo acetylation [61] [62] [63] . Kim et al. in their study also showed that acetylation of ERα results in increased DNA binding [64] . We considered the possibility that the increased ERα binding seen on pS2-luc was due to increased ERα acetylation following TSA treatment. We performed western blot analysis on immunoprecipitated ERα with antibody against ERα acetylated on lysines 266/268. However, though we could detect increased acetylation of ERα from TSA (2 μM) + nicotinamide (5 mM) treated cells, no increase was seen with TSA (200 nM) alone (data not shown). It remains possible that acetylation of ERα on another site [61] or acetylation of another protein that stabilizes ERα DNA binding is responsible for the increased ER binding seen with TSA. However, it still does not account for the differences in transcription observed between the two sites.
Several studies show that chromatin remodeling is a feature seen in regions of transcribed genes. Differences in nucleosomal mobilization for instance can sometimes be observed in an induced versus an uninduced gene [65] [66] [67] [68] . Differences in chromatin structure can be detected by measuring sensitivity to nuclease activity. We hypothesized that one possible reason for the differences observed in transcription at the two different pS2 promoter chromatin sites was due to altered chromatin structure close to the ERE region. We reasoned that since the pS2-luc was constitutively active whereas the pS2 in its native site was essentially silent without E 2 induction, pS2-luc would be more sensitive to Mnase. However, there is no difference in MNase sensitivity between the pS2 promoters at both chromatin sites in either E2 induced or uninduced cells. This suggests that altered nucleosome mobilization is not responsible for the differences in transcription seen at the two chromatin sites. Our overall conclusion from these studies is that a highly active chromatin structure can override the requirement for ERα transcription factor on the inducible pS2 promoter leading to high levels of uncontrolled transcription. A similar dysregulation of chromatin structure at ERα regulated genes could be a pathway for the development of estrogen independence seen in breast tumors. Breast tumors acquiring hormone independence is a problem since hormonal therapy becomes ineffective. Various mechanisms have been proposed to explain the acquisition of endocrine resistance [69, 70] . Some of these include ERα phosphorylation, gene mutations, hypoxia and loss of ERα [70] . Understanding all proposed mechanisms is important in developing various new therapeutic alternatives. We hope to further elucidate the mechanisms underlying the differences seen between the two pS2 promoters in our cell line in future studies.
